Dyson-Schwinger Equations: an update

Craig D. Roberts Y

cdroberts@nl . gov

Phy5|cs DIVISIOF:H_!"“"

-hhhuw'ct'-u'-'nwww
:: m :llll'lrllllll r
]

el S T R TR T

P A W
LTSI TR TR R L
RINLIBIERAELIF n

s el

1 |
B UL ‘-imwwﬂw"rm“'r':::

T T AN TV TN [

o~ '-r | _'T.:E ;
A }H" e
- ey - Lk T wl:"'!' . o .r
e '“f"l.'-" C l._;j,ughf(‘:b'lﬂ %andﬂtmsrtqrbati\,é-l-la
R R A s T e SR R A

.hysfos’-'fs fgvbsbe |
e T PR .'



Dichotomy of the Pion

| 7 Office of
~ 4 Science

U.5. DEPARTMENT OF ENERGY

Argonne

NATIONAL
LABORATORY

- - - - Light-Cone QCD and Nonperturbative Hadron Physics, 15-19/05/06 — p. 2/49




Dichotomy of the Pion

# How does one make an almost massless particle
........... from two massive constituent-quarks?

PP==" Office of
~ 4 Science

Light-Cone QCD and Nonperturbative Hadron Physics, 15-19/05/06 — p. 2/49



Dichotomy of the Pion

# How does one make an almost massless particle
........... from two massive constituent-quarks?

#» Not Allowed to do it by fine-tuning

Must exhibit| m?2 o m,,
Current Algebra ... 1968

PP==" Office of
~ 4 Science

Light-Cone QCD and Nonperturbative Hadron Physics, 15-19/05/06 — p. 2/49



Dichotomy of the Pion

# How does one make an almost massless particle
........... from two massive constituent-quarks?

#» Not Allowed to do it by fine-tuning

Must exhibit| m?2 o m,,
Current Algebra ... 1968

The correct understanding of pion observables;
e.g. mass, decay constant and form factors,
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Must exhibit| m?2 o m,,
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The correct understanding of pion observables;
e.g. mass, decay constant and form factors,
requires an approach to contain a well-defined and
valid chiral limit, and an accurate realisation of
dynamical chiral symmetry breaking.
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Contemporary Reviews

#» Dyson-Schwinger Equations:
Density, Temperature and Continuum Strong QCD
C.D. Roberts and S.M. Schmidt, nu-th/0005064,
Prog. Part. Nucl. Phys. 45 (2000) S1

#» The IR behavior of QCD Green’s functions:
Confinement, DCSB, and hadrons ...
R. Alkofer and L. von Smekal, he-ph/0007355,

“uzma Phys. Rept. 353 (2001) 281
€3 . Dyson-Schwinger equations:
A Tool for Hadron Physics

P. Maris and C.D. Roberts, nu-th/0301049,
Int. J. Mod. Phys. E12 (2003) pp. 297-365
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® Coupling between equations truncation

1765, 2tice o # Weak coupling expansion —- Perturbation Theory
=~ Science
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oW

- - - - Light-Cone QCD and Nonperturbative Hadron Physics, 15-19/05/06 — p. 5/49



Sl Persistent Challenge

® Infinitely Many Coupled Equations

# Solutions are Schwinger Functions
(Euclidean Green Functions)

#® Same VEVs measured in Lattice-QCD simulations

® We introduced a systematic nonperturbative,
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P Ladder Approximation, A. Bender, C. D. Roberts and L. Von

Smekal, Phys. Lett. B 380 (1996) 7

® Has Enabled Proof of EXACT Results in QCD
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# Longstanding Prediction of Dyson-Schwinger
Equation Studies

s E.g., Dyson-Schwinger equations and their
application to hadronic physics, C. D. Roberts
and A. G. Williams, Prog. Part. Nucl. Phys. 33
(1994) 477
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# Longstanding Prediction of Dyson-Schwinger
Equation Studies

s E.g., Dyson-Schwinger equations and their
application to hadronic physics, C. D. Roberts
and A. G. Williams, Prog. Part. Nucl. Phys. 33

(1994) 477

060, Seience

- @ Long used as basis for efficacious hadron physics
s phenomenology

s Electromagnetic pion form-factor and neutral
pion decay width, C. D. Roberts, Nucl. Phys. A
605 (1996) 475
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current-quark masses: 30 MeV, 50 MeV; 100 MeV

Curves: Quenched DSE Cal.

Bhagwat, Pichowsky, Roberts, Tandy nu-th/0304003
Linear extrapolation of lattice data to chiral limit is inaccurate
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QCD & Interaction Between
Light-Quarks

® Kernel of Gap Equation: D,,,(p —q) ', (q)
Dressed-gluon propagator and dressed-quark-gluon vertex

® Reliable DSE studies of Dressed-gluon propagator:

# R. Alkofer and L. von Smekal, The infrared behavior of QCD
Green’s functions ... , Phys. Rept. 353, 281 (2001).
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QCD & Interaction Between
Light-Quarks

Kernel of Gap Equation: D,,,(p —q) L', (q)
Dressed-gluon propagator and dressed-quark-gluon vertex

Reliable DSE studies of Dressed-gluon propagator:

# R. Alkofer and L. von Smekal, The infrared behavior of QCD
Green’s functions ... , Phys. Rept. 353, 281 (2001).

Dressed-gluon propagator — lattice-QCD simulations confirm that

behaviour:

o D.B. Leinweber, J.1. Skullerud, A. G. Williams and C.
Parrinello [UKQCD Collaboration], Asymptotic scaling and
infrared behavior of the gluon propagator, Phys. Rev. D 60,
094507 (1999) [Erratum-ibid. D 61, 079901 (2000)].

Exploratory DSE and lattice-QCD studies
of dressed-quark-gluon vertex
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Alkofer, Detmold, Fischer,
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Alkofer, Detmold, Fischer,

Viaris: he-ph/0309078 Dressed-gluon Propagator

kuk,\ Z(k?)
® Dyy(k) = (5lw - 22 ) L2
# Suppression - o |
means 3 IR gluon |
mass-scale ;
~1GeV 10 _
Ng i
: ice o . N [ ' —_
?gﬂjﬁ%ﬁgﬁg # Naturally, this I . o lattice, Nf_o
O\&'\ceofNuclearPhs, Scale haS the L L _ DSE, Nf=0 ]
same origin as 3 — DSE,N=3
Aqen 107 _ .
i . . Fitto DSE, Nf=3 ]
10° 10" 10° 10" 10° 10
p’ [GeV’]
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Alkofer, Detmold, Fischer,
Maris: he-ph/0309078

> D)= (5

& Suppression
means 3 IR gluon |

mass-scale
~ 1 GeV 10

Z(p°)

Naturally, this
scale has the
same origin as

-1

AQCD 10

Z (k?)

ks

Dressed-gluon Propagator

— DSE, Nf=3
. . Fitto DSE, Nf=3

10° 10
p’ [GeV?]
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Hadrons

Established understanding
of two- and three-point functions
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Hadrons

Established understanding
of two- and three-point functions

What about bound states?
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Hadrons

Without bound states,
Comparison with experiment Is
Impossible
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Hadrons

Without bound states,
Comparison with experiment Is
Impossible

They appear as pole contributions
to n > 3-point colour-singlet
Schwinger functions

Light-Cone QCD and Nonperturbative Hadron Physics, 15-19/05/06 — p. 13/49



Hadrons

Without bound states,
Comparison with experiment Is
Impossible

Bethe-Salpeter Equation

1S
1T 1T
——_— — - 4
13

QFT Generalisation of Lippman-Schwinger Equation.

¥

)
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Hadrons

Without bound states,
Comparison with experiment Is
Impossible

Bethe-Salpeter Equation

1S
1T 1T
——_— — - 4
13

QFT Generalisation of Lippman-Schwinger Equation.

¥

)
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~ 4 Science

What is the kernel, K?
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Hadrons

Without bound states,
Comparison with experiment Is
Impossible

Bethe-Salpeter Equation

1S
1T 1T
——_— — - 4
13

QFT Generalisation of Lippman-Schwinger Equation.

¥

)

PP==" Office of
~ 4 Science

What is the kernel, K?
or What is the long-range potential in QCD?
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Bethe-Salpeter Kernel
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Bethe-Salpeter Kernel

#® Axial-vector Ward-Takahashi identity

_ L. L. _
P, TL (k;P) = S 1(k+)§)\$cw5—l—§)\§fw5 SHk)

V/J%g:ggco; _MC zFé(k, P) — zFé(k, P) MC

QFT Statement of Chiral Symmetry

- - - - Light-Cone QCD and Nonperturbative Hadron Physics, 15-19/05/06 — p. 14/49



Bethe-Salpeter Kernel

#® Axial-vector Ward-Takahashi identity

b L (o)
Py T5.(k: P) | = 87 (ki) SApi%s + 50507

PP==" Office of
~ 4 Science

— M il (k; P) — Tk (k; P) M

Satisfies BSE Satisfies DSE
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Bethe-Salpeter Kernel

#® Axial-vector Ward-Takahashi identity

b Ly (o)
Py T5.(k: P) | = 87 (ki) SApi%s + 50507

PP==" Office of
~ 4 Science

— M il (k; P) — Tk (k; P) M

Satisfies BSE Satisfies DSE
Kernels must be intimately related
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Bethe-Salpeter Kernel

#® Axial-vector Ward-Takahashi identity

b Ly (o)
Py T5.(k: P) | = 87 (ki) SApi%s + 50507

— M il (k; P) — Tk (k; P) M

Satisfies BSE Satisfies DSE
Kernels must be intimately related
Relation must be preserved by truncation

NNNNNNNN
AAAAAAAAAA
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Bethe-Salpeter Kernel

#® Axial-vector Ward-Takahashi identity

b Ly (o)
Py T5.(k: P) | = 87 (ki) SApi%s + 50507

— M il (k; P) — Tk (k; P) M

Satisfies BSE Satisfies DSE
Kernels must be intimately related
Relation must be preserved by truncation
Nontrivial constraint

NNNNNNNN
AAAAAAAAAA
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Bethe-Salpeter Kernel

Axial-vector Ward-Takahashi identity

b s e (e
PM Féﬂ(k,P) = S 1(]C_|_) 5)\?2’}/5%—5)\;2’75

ZA%‘Z':E,‘::J —Mg zFé(k, P) — ’LFZS(]C, P) MC

U.5. DEPARTMENT OF ENERGY

Satisfies BSE Satisfies DSE
Kernels must be intimately related
Relation must be preserved by truncation
= Explicit Violation of QCD’s Chiral Symmetry
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Goldberger-Treiman for pion
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Goldberger-Treiman for pion

e Pseudoscalar Bethe-Salpeter amplitude
I (ks P) = 7™ [iEﬁ(k;P)Jrv-PFﬁ(k;P)
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Goldberger-Treiman for pion

e Pseudoscalar Bethe-Salpeter amplitude
I (ks P) = 7™ {iEﬁ(k; P) + - PF(k: P)
- k- P Golk; P) + 0, ki Py H(k; P)

1
iy - p A(p?) + B(p?)

e Dressed-quark Propagator: S(p) =
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Goldberger-Treiman for pion

e Pseudoscalar Bethe-Salpeter amplitude
[ (ks P) = 7™ [iEﬁ(/@; P) 4+~ - PF,(k; P)
- k- P Golk; P) + 0, ki Py H(k; P)
1

iy - p A(p®) + B(p?)
e Axial-vector Ward-Takahashi identity

frEx(k;P=0) = B(p°)

e Dressed-quark Propagator: S(p) =
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Goldberger-Treiman for pion

e Pseudoscalar Bethe-Salpeter amplitude
[ (ks P) = 7™ [iEﬁ(k; P) 4+~ - PF,(k; P)
+y-kk-PGrk; P) + o kP, Hi(k; P)}
1

P =5 Office of . . . ny ' pA<p2) _|_ B(p2)
Zoh%as o Axial-vector Ward-Takahashi identity

frEx(k;P=0) = B(p°)

e Dressed-quark Propagator: S(p) =

oM i

Fr(k;0) + 2 frFr(k;0) = A(K?)

Gr(k;0) +2 frGr(k;0) = 2A4'(K?)
° HR<k;O)+2f7TH7r(k;O) = 0
Argonne

AAAAAAAAAA
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Goldberger-Treiman for pion

e Pseudoscalar Bethe-Salpeter amplitude _ _ — — — - —

. e f
I (ke P) = 7™ [i};{(k;PHy-PFW(k;P)
AN

+7-kk-Péw<k;P)—|—0',uuk,uPVH7T(k;P)} \l\

/1

1 ///I
e Dressed-quark Propagator: S(p) = - /"
- | __( ) iy pAWP?) + B(®?) 0
Zo.%0as o Axial-vector Ward-Takahashi identity o)
(e of Nuclear pry 7 /
° JrEx(ksP=0) = B@p*) .~ )/
: 7 /
Exact In FR(k;O)—I—QfWFW( ; _ A(k2)/ //

/7

Chiral QCD

vy

k: 0)
Gr(k:0) + 2 frGr(k;0) = 24" (k*)”
Hp(k;0)+2 frH:(k;0) = 0

NNNNNNNN
AAAAAAAAAA
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Radial Excitations
& Chiral Symmetry

| 7 Office of
~ 4 Science

U.5. DEPARTMENT OF ENERGY

Argonne

NATIONAL
LABORATORY

- - - - Light-Cone QCD and Nonperturbative Hadron Physics, 15-19/05/06 — p. 17/49



http://www.slac.stanford.edu/spires/find/hep/www?rawcmd=FIND+key+3584445
http://www.slac.stanford.edu/spires/find/hep/www?rawcmd=FIND+key+5899605

Radial Excitations

(Maris, Roberts, Tandy & Chiral Symmetry
nu-th/9707003
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Radial Excitations

(Maris, Roberts, Tandy & Chiral Symmetry
nu-th/9707003

[ mi = — pg My

e Mass? of pseudoscalar hadron
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Radial Excitations

(Maris, Roberts, Tandy & Chiral Symmetry
nu-th/9707003

M = travour [M(M) {TH (1" )tH = Mg, + mq,

e Sum of constituents’ current-quark masses
eeg., T =1 (04D
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Radial Excitations

(Maris, Roberts, Tandy & Chiral Symmetry
nu-th/9707003

A
[ pp = Zz/ %tr{(TH)t%w S(g+) ' (q; P)S(q-) }

e Pseudovector projection of BS wave functio& atxr =20
e Pseudoscalar meson’s leptonic decay constant

1S

T-f kR T |(T2)V"Ys

W

. S
NNNNNNNN
AAAAAAAAAA
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Radial Excitations
& Chiral Symmetry

ip! =24 /qA %tr{(TH)t% S(q+) ' u(q; P)S(q-) }

(Maris, Roberts, Tandy
nu-th/9707003

e Pseudoscalar projection of BS wave function at x =0
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Radial Excitations

(Maris, Roberts, Tandy & Chiral Symmetry
nu-th/9707003

#® Light-quarks;i.e., mg ~ 0

s fu— & pe — s— Independent of m,
TH
~~\0
S —\4q9q .
X0 SCience Hence \'m?%; = (;O )>2C mq | ... GMOR relation, a corollary
H
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Radial Excitations

(Maris, Roberts, Tandy & Chiral Symmetry
nu-th/9707003

#® Light-quarks;i.e., mg ~ 0

s fu— fg&ps — 5— Independent of m,
Tr
_{an\0
Hence \'m?%; = (j(_«f)lq)lc mg | ... GMOR relation, a corollary
H

® Heavy-quark + light-quark
1
and p? X /M ET

VT

:>fHOC

Hence, mpy o< mq

oo ... QCD Proof of Potential Model result
- - - - Light-Cone QCD and Nonperturbative Hadron Physics, 15-19/05/06 — p. 17/49
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Radial Excitations

Holl, Krassnigg, Roberts & Chiral Symmetry
nu-th/0406030

fi mip=— p' Mgy

® Valid for ALL Pseudoscalar mesons
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Radial Excitations

Holl, Krassnigg, Roberts & Chiral Symmetry
nu-th/0406030

[ mig=— p Mpy

® Valid for ALL Pseudoscalar mesons

® /), = finite, nonzero value in chiral limit, My — 0
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Radial Excitations

Holl, Krassnigg, Roberts & Chiral Symmetry
nu-th/0406030

fi mip=— p' Mgy

® Valid for ALL Pseudoscalar mesons
® /;; = finite, nonzero value in chiral limit, Mgz — 0
® ‘“radial” excitation of m-meson,

&S, Office of m?2 > m? = 0, In chiral limit

~ . Science Tn+#£0 TTnh=0
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Radial Excitations

Holl, Krassnigg, Roberts & Chiral Symmetry
nu-th/0406030

fi mip=— p' Mgy

® Valid for ALL Pseudoscalar mesons
® /;; = finite, nonzero value in chiral limit, Mgz — 0

® ‘“radial” excitation of m-meson,
Y765, Office of m?2 > m? — 0, in chiral limit

b Scisnos Tn 70 Tn=0
® = fg=0
ALL pseudoscalar mesons except 7w (140) in chiral limit
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Radial Excitations

Holl, Krassnigg, Roberts & Chiral Symmetry
nu-th/0406030

® Valid for ALL Pseudoscalar mesons
® /;; = finite, nonzero value in chiral limit, Mgz — 0

® ‘“radial” excitation of m-meson,

= ofri 2 2 . : : .
KO Sciance mz o > mg = 0,inchiral limit
o — fH —

ALL pseudoscalar mesons except 7w (140) in chiral limit

®» Dynamical Chiral Symmetry Breaking
— Goldstone’s Theorem —
Impacts upon every pseudoscalar meson
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Radial Excitations

® Spectrum contains 3 pseudoscalars [I¢(JY)L = 17(07)5]

masses below 2 GeV: 7 (140) ; w(1300); and 7(1800)
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Radial Excitations

Spectrum contains 3 pseudoscalars [I¢(JF)L =1-(07)95]

masses below 2 GeV: 7 (140) ; w(1300); and 7(1800)

The @\J

Consituent-Q Model: 1%* three members of
n 1Sy trajectory; i.e., ground state plus radial excitations?

| N

PP==" Office of
~ 4 Science

U.5. DEPARTMENT OF ENERGY

O\,‘.‘Ce of Nuclear py, i
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Radial Excitations

® Spectrum contains 3 pseudoscalars [I¢(JY)L = 17(07)5]

masses below 2 GeV: 7 (140) ; w(1300); and 7(1800)

The Pig]\J

Consituent-Q Model: 1%* three members of
n 1Sy trajectory; i.e., ground state plus radial excitations?

| N

® But w(1800) is narrow (I' = 207 4 13) & decay pattern might
Indicate some “flux tube angular momentum” content:
SQQ=1@LF=1:>J=O
&Lr =1= 35, @ 3S; (QQ) decays suppressed?
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Radial Excitations

® Spectrum contains 3 pseudoscalars [I¢(JY)L = 17(07)5]

masses below 2 GeV: 7 (140) ; w(1300); and 7(1800)

The Mg]\J

Consituent-Q Model: 1%* three members of
n 1Sy trajectory; i.e., ground state plus radial excitations?

| N

® But w(1800) is narrow (I' = 207 4 13) & decay pattern might
Indicate some “flux tube angular momentum” content:

®» Radial excitations & Hybrids & Exotics = Long-range radial wave
functions = sensitive to confinement
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Radial Excitations

® Spectrum contains 3 pseudoscalars [I¢(JY)L = 17(07)5]

masses below 2 GeV: 7 (140) ; w(1300); and 7(1800)

The Pig]\J

Consituent-Q Model: 1%* three members of
n 1Sy trajectory; i.e., ground state plus radial excitations?

| N

® But w(1800) is narrow (I' = 207 4 13) & decay pattern might
Indicate some “flux tube angular momentum” content:

®» Radial excitations & Hybrids & Exotics = Long-range radial wave
functions = sensitive to confinement

® NSAC Long-Range Plan, 2002: ... an understanding of
confinement “remains one of the
greatest intellectual challenges in physics”
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Radial Excitations
& Chiral Symmetry
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Radial Excitations

Holl, Krassnigg, Roberts & Chiral Symmetry
nu-th/0406030

® Fundamental properties of QCD
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Radial Excitations

Holl, Krassnigg, Roberts & Chiral Symmetry
nu-th/0406030

® Fundamental properties of QCD

» If chiral symmetry is dynamically broken,
then in the chiral limit every pseudoscalar meson is blind
to the weak interaction except 7 (140).

o 02 04 06
NNNNNNNN mq[GeV]

AAAAAAAAAA
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Radial Excitations

Holl, Krassnigg, Roberts & Chiral Symmetry
nu-th/0406030

® Fundamental properties of QCD

» If chiral symmetry is dynamically broken,
then in the chiral limit every pseudoscalar meson is blind

to the weak interaction except 7 (140).
» |If chiral symmetry is not broken,
then NO pseudoscalar meson experiences the weak

Interaction.

o 02 04 06
NNNNNNNN mq[GeV]
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Two-photon Couplings of

Holl, Krassnigg, Matris, et al., P d I I\/I
“Electromagnetic properties of ground and SeudoscCalar esons
excited state pseudoscalar mesons,’ ,),( kz)

nu-th/0503043

o0
7O (P)- _ _ _ _ |
v (k1)
70 x 70
gz T (1 k) = Tieupekihae G kL, ka)
A 2 N2\ _ w2
» Define: Tro (P*, Q%) = G™ (k1, k2) I Or k2

This is a transition form factor.

# Physical Processes described by couplings:

= T‘Tl'g (_m721-8 ’ O)

3
2 mﬂ'n 2

Width: I‘ﬂ-gnyny = O, W gﬂ'n"Y"Y

- - - - Light-Cone QCD and Nonperturbative Hadron Physics, 15-19/05/06 — p. 20/49
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Two-photon Couplings:
Holl, Krassnigg, Matris, et al.,
“Electromagnetic properties of ground and GOIdStOne MOde

excited state pseudoscalar mesons,’ v (k2)
nu-th/0503043

v (k1)

o (028 N
g omceﬁg TIS (klv k2) — ;Z€NVPUk1Pk20' G 0(k19k2)

_AJ Scrence
N

Chiral limit, model-independent and algebraic result

1 1
G0y 1= Trg (=m0 = 0,0)= 2
o
So long as truncation preserves chiral symmetry and the

pattern of its dynamical breakdown

AAAAAAAAAA
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Two-photon Couplings:
Transition Form Factor

Holl, Krassnigg, Matris, et al.,
“Electromagnetic properties of ground and
excited state pseudoscalar mesons,’
nu-th/0503043

v(k1), k3 = Q?

0 (81 0
. Zl'!ﬂ' * 7T
.g,.-_-'AJ Science T

\ce of Nuclear Ph s ’
Cs

oW

So long as truncation preserves chiral symmetry and the
pattern of its dynamical breakdown, and the one-loop
renormalisation group properties of QCD: model-independent
result — Vn:

Tro (P2,Q%) = G™ (K1, k2)

Q2>>£2QCD 472 fﬂ'n
k2=Q2=Fk3 3 Q2

NNNNNNNN
AAAAAAAAAA
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nu-th/0503043
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Holl, Krassnigg, Matris, et al.,
“Electromagnetic properties of ground and
excited state pseudoscalar mesons,’

® Chiral limit with DCSB: fr, # 0

Transition Form Factor:

Chiral limit

Light-Cone QCD and Nonperturbative Hadron Physics, 15-19/05/06 — p. 23/49
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& BUT, f..
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Holl, Krassnigg, Matris, et al.,
“Electromagnetic properties of ground and
excited state pseudoscalar mesons,’

® Chiral limit with DCSB: fr, # 0
= 0, Vn!

Transition Form Factor:

Chiral limit
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Transition Form Factor:
Chiral limit

Holl, Krassnigg, Matris, et al.,
“Electromagnetic properties of ground and
excited state pseudoscalar mesons,’
nu-th/0503043

® Chiral limit with DCSB: fr, # 0

® BUT, f.. =0, Vn!

® Model-independent result, in chiral limit: Vn > 1

lim 7o (—m2 ,Q%)

m—0
P> hhen 410 Ly o 0@/,
where: 3 7 o Q* e
Z‘]gﬁg“f # -~ Is an anomalous dimension

O\,‘.‘Ce of Nuclear py, i

® w, IS awidth mass-scale

both determined, in part, by properties of the meson’s
Bethe-Salpeter wave function.
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Transition Form Factor:

Holl, Krassnigg, Matris, et al., . . .
“Electromagnetic properties of ground and Chlral Ilmlt
excited state pseudoscalar mesons,’
nu-th/0503043

® Chiral limit with DCSB: fr, # 0

® BUT, f.. =0, Vn!

® Model-independent result, in chiral limit: Vn > 1
lim 7o (—m , Q%)

m—0
2 2
Q3 >>AQCD 472 F(z)( In” Q% /w?
4
where: 3 Q h—0
Office of . . .
é«:‘“ bbb # -~ Is an anomalous dimension

® w, IS awidth mass-scale

both determined, in part, by properties of the meson’s
Bethe-Salpeter wave function.

® Importantly, F{*) (—m?2 ) o f, . Instead, it is determined by
DCSB mass-scales for 7,, that do not vanish in the chiral limit.
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Transition Form Factor (  Chiral ):
Holl, Krassnigg, Matris, et al., .
“Electromagnetic properties of ground and RG I Ral nbOW_ Ladder

excited state pseudoscalar mesons,”
nu-th/0503043

1 booo <=0 up/down quarks
10°F OOOO —- a4t [ (3Q7)
, s Q@ 0-O chiral limit ]
10°F — (a7 Ko MEE
z 38% (41t 13) (0.22GeV)’ [ Q z

® m,(1GeV)

| 7 _J (;ff{ce of 10°F

u,a,/o;unrnmrf:f::afe p— md ( 1 G eV ) p— O E
office of Nuclear py, s 7 B A
10 1

Argonne

NATIONAL
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Transition Form Factor (  Chiral ):
Holl, Krassnigg, Matris, et al., .
“Electromagnetic properties of ground and RG I Ral nbOW_Ladder

excited state pseudoscalar mesons,”
nu-th/0503043

1 ’__OOQO <=0 up/down quarks ]
107 OOOO —- 4n2fnl/ (3Q%) E
U % 0-O chiral limit 1
10°F 30% — (4113) (0.22 GeV)* / Q*| =

PP =" Office of ’ mu(l GeV)
Lo science = mgy(1GeV) =0

R 107 Lot
® Again, Predicted UV-behaviour*
IS abundantly clear

» precise for Q% > 120 GeV?
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Transition Form Factor (  Chiral ):
Holl, Krassnigg, Matris, et al., .
“Electromagnetic properties of ground and RG I Ral nbOW_Ladder

excited state pseudoscalar mesons,”
nu-th/0503043

1 ’__OOQO <=0 up/down quarks ]
107 OOOO —- 4n2fnl/ (3Q%) E
U % 0-O chiral limit 1
10°F 30% — (4113) (0.22 GeV)* / Q*| =

n

T, (@) [Gev]

| ® m,(1GeV)
Z ._ Office of
w=—d Science = My ( 1 GeV) — 0

R 107 Lot
® Again, Predicted UV-behaviour*
IS abundantly clear

» precise for Q% > 120 GeV?

10°F

» Fl(z)(—mil) In” Q2/w72Tl = (0.22GeV)® ~ —{(Gq)° (3

m=

NNNNNNNN
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Are we there yet?
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Nucleon Properties

| 7 Office of
~ 4 Science

U.5. DEPARTMENT OF ENERGY

Argonne

NATIONAL
LABORATORY

- - - - Light-Cone QCD and Nonperturbative Hadron Physics, 15-19/05/06 — p. 26/49




Nucleon Properties

® Maris & Tandy ... series of five papers ... excellent

description of light pseudoscalar and vector mesons . ..

basket of 31 masses/couplings/radii with r.m.s. error of 15%
. moreover, prediction of F(Q?) measured in Hall A.
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Nucleon Properties

® Maris & Tandy ... series of five papers ... excellent

description of light pseudoscalar and vector mesons . ..

basket of 31 masses/couplings/radii with r.m.s. error of 15%
. moreover, prediction of F(Q?) measured in Hall A.

Peter Tandy
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Nucleon Properties

Maris & Tandy ... series of five papers ... excellent

description of light pseudoscalar and vector mesons . ..

basket of 31 masses/couplings/radii with r.m.s. error of 15%
. moreover, prediction of F(Q?) measured in Hall A.

One parameter model ... parameter specifies long-range
Interaction between light-quarks ... model-independent
results in ultraviolet
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Nucleon Properties

Maris & Tandy ... series of five papers ... excellent

description of light pseudoscalar and vector mesons . ..

basket of 31 masses/couplings/radii with r.m.s. error of 15%
. moreover, prediction of F(Q?) measured in Hall A.

One parameter model ... parameter specifies long-range
Interaction between light-quarks ... model-independent
results in ultraviolet

Next Steps ... Applications to excited states and
axial-vector mesons, e.g., will improve understanding of
confinement interaction between light-quarks
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Nucleon Properties

® Another Direction ... Also want/need information about
three-quark systems
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Nucleon Properties

® Another Direction ... Also want/need information about
three-quark systems

® With this problem ... current expertise at approximately
same point as studies of mesons in 1995.
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Nucleon Properties

® Another Direction ... Also want/need information about
three-quark systems

® With this problem ... current expertise at approximately
same point as studies of mesons in 1995.

® Namely ... Model-building and Phenomenology,
constrained by the DSE results outlined already.
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Proton Form Factors:
Modern Experiment
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Proton Form Factors:
Modern Experiment

Rosenbluth and Polarization-Transfer Extractions of
Ratio of Proton’s Electric and Magnetic Form Factors

{ :

1f§%§§§_§§; i H % n

A4

o = i I-EIFE_' o _-

Q)
> | S -
o 0.5F + -

PP==" Office of
.Q_A] Science
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oiceoilladear sy, [ [0 Rosenbluth } ]
4 ; - | A  precision Rosenbluth 7
2 ; | | = polarization transfer -
¢  polarization transfer
O 1 1 1 | 1 1 1 | 1 1 1
0 2 4 6

S Q” [Gev?]
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Proton Form Factors:
Modern Experiment

Walker et al., Phys. Rev. D49, 5671 (1994)

® Qattan et al., Phys. — 1 T T ? AL
Rev. Lett. 94 142301 I % }
1.65%5! 53 ) % %I % _
(2005) S S :
® Jonesetal,Jlab Halg | @@ ey
A Collaboration, Physy, | - %1 _
Rev. Lett. 84, 1398 a 051 e -
(2000) [ [ o Rosenbluth ' l ' )
- A precison Rosenbluth +-
® Gayou, etal., Phys. - | % Dolarisaion rander '
Rev. C 64, 038202 0- T
(2001) 0 2 , , 4 6

A on @ [GevT]
® Gayou, et al., JLab Hall A Collaboration,

R Phys. Rev. Lett. 88 092301 (2002)
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then Completely

In the Proton

— On Relativistic
Domain

— Distribution of
Quark-Charge
Not Equal
Distribution of
Quark-Current!

NNNNNNNN
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® If Pol. Trans. Correct,

Unexpected Result:

=

Y

P
u Ge/ G

Proton Form Factors:
Modern Experiment

B -
b |.E.| -
a MR HH _
0.5 + -
[ [ o Rosenbluth + i
- A  precision Rosenbluth .
| | = polarization transfer ‘ i
¢  polarization transfer
1 1 1 | 1 1 1 | 1 1 1
% ? 4 6
Q” [Gev?]
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Nucleon EM Form Factors: A Précis

HOll, Kloker, et al.: nu-th/0412046 & nu-th/0501033
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Nucleon EM Form Factors: A Précis

HOll, Kloker, et al.: nu-th/0412046 & nu-th/0501033
e Interpreting expts. with GeV electromagnetic probes
requires Poincaré covariant treatment of baryons
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Nucleon EM Form Factors: A Précis

HOll, Kloker, et al.: nu-th/0412046 & nu-th/0501033

e Interpreting expts. with GeV electromagnetic probes
requires Poincaré covariant treatment of baryons
—> Covariant dressed-quark Faddeev Equation
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Nucleon EM Form Factors: A Précis

Héll, Kloker, nu-th/0412046 & nu-th/0501033
e Interpreting expts. with GeV electromagnetic probes
requires Poincaré covariant treatment of baryons

—> Covariant dressed-quark Faddeev Equation

e Excellent mass spectrum (octet and decuplet)
Easily obtained:

1 [MGXP Mcalc]
Z [MIG;P]Q

et al.:

1/2
— 29
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Nucleon EM Form Factors: A Précis

Héll, Kloker, nu-th/0412046 & nu-th/0501033
e Interpreting expts. with GeV electromagnetic probes
requires Poincaré covariant treatment of baryons

—> Covariant dressed-quark Faddeev Equation
e Excellent mass spectrum (octet and decuplet)
Easily obtained:

1 3 (M — Mgple)?
(;ff:ce of _ exp 5
S i N 7 My
: (Cettel, Hellstern, Alkofer, Reinhardt: nucl-th/9805054)

et al.:

1/2
— 29
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Nucleon EM Form Factors: A Précis

Héll, Kloker, nu-th/0412046 & nu-th/0501033
e Interpreting expts. with GeV electromagnetic probes
requires Poincaré covariant treatment of baryons

—> Covariant dressed-quark Faddeev Equation

e Excellent mass spectrum (octet and decuplet)
Easily obtained:

1 [MGXP Mcalc]
Z [MIG;P]Q

et al.:

1/2
— 29
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e BUt is that good?
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Nucleon EM Form Factors: A Précis

et al.:

Héll, Kloker, nu-th/0412046 & nu-th/0501033
e Interpreting expts. with GeV electromagnetic probes
requires Poincaré covariant treatment of baryons

—> Covariant dressed-quark Faddeev Equation

e Excellent mass spectrum (octet and decuplet)
Easily obtained:

1 [MGXP Mcalc]
Z [MIG;P]Q

1/2
— 29

Office of
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= N
e BUt is that good?

» Cloudy Bag: M7 '°°" = —300 to —400 MeV!
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Nucleon EM Form Factors: A Précis

HOll, Kloker, et al.: nu-th/0412046 & nu-th/0501033
e Interpreting expts. with GeV electromagnetic probes
requires Poincaré covariant treatment of baryons
—> Covariant dressed-quark Faddeev Equation
e Excellent mass spectrum (octet and decuplet)
Easily obtained:
1 MeXP Mcalc 1/2
<N—Hz | [MIGJXP]Q i ) = 2%

H
e BUt is that good?

» Cloudy Bag: M7 '°°" = —300 to —400 MeV!
o Critical to anticipate pion cloud effects
Roberts, Tandy, Thomas, et al., nu-th/02010084
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Harry Lee
Pions and Form Factors
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Harry Lee
Pions and Form Factors

® Dynamical coupled-channels model ... Analyzed extensive JLab
data ... Completed a study of the A(1236)

$» Meson Exchange Model for 7N Scattering and yN — w N Reaction, T. Sato
and T.-S. H. Lee, Phys. Rev. C 54, 2660 (1996)

#® Dynamical Study of the A Excitation in N (e, ¢’7) Reactions, T. Sato and
T.-S.H. Lee, Phys. Rev. C 63, 055201/1-13 (2001)
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Ratio of the M1 form factor in yN — A

_AJ Science

e, S0lid curve is G (Q?)/Gp(Q?) including
pions; Dotted curve is G, (Q2)/Gp(Q?)

without pions.

Pions and Form Factors

® Dynamical coupled-channels model ... Analyzed extensive JLab
data ... Completed a study of the A(1236)

$» Meson Exchange Model for 7N Scattering and yN — w N Reaction, T. Sato
and T.-S. H. Lee, Phys. Rev. C 54, 2660 (1996)

#® Dynamical Study of the A Excitation in N (e, ¢’7) Reactions, T. Sato and
T.-S.H. Lee, Phys. Rev. C 63, 055201/1-13 (2001)

Zoﬁ‘ office of transition and proton dipole form factor G p.

Harry Lee

® Pion cloud effects are large in the low Q2 region.

3 - . :
2
1
Bare ........
O 1 1 1
0 1 2 3
Q*(GeV/c)?
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Harry Lee
Pions and Form Factors

® Dynamical coupled-channels model ... Analyzed extensive JLab
data ... Completed a study of the A(1236)
$» Meson Exchange Model for 7N Scattering and yN — w N Reaction, T. Sato
and T.-S. H. Lee, Phys. Rev. C 54, 2660 (1996)

#® Dynamical Study of the A Excitation in N (e, ¢’7) Reactions, T. Sato and
T.-S.H. Lee, Phys. Rev. C 63, 055201/1-13 (2001)

® Pion cloud effects are large in the low Q2 region.
3 . : :

Ratio of the M1 form factor in yN — A
Z@ g‘g’;g;-;;; transition and proton dipole form factor G p.
... Solid curve is G% ,(Q?)/Gp(Q?) including
pions; Dotted curve is G/ (Q?)/G p(Q?)
without pions.

PARTMI

Quark Core
® Responsible for only 2/3 of 0 0 1 2 3
° result at small Q* Q*(GeV/c)?

Argonne -
SR @ Dominant for Q? >2 —3GeV?
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Faddeev equation
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Faddeev equation
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Faddeev equation

P
-

#® Linear, Homogeneous Matrix equation

»# Yields wave function (Poincaré Covariant Faddeev
Amplitude) that describes quark-diquark relative motion
within the nucleon

® Scalar and Axial-Vector Diquarks ... In Nucleon’s Rest
Frame Amplitude has ... s—, p— & d—wave correlations

vy
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Parametrising diguark properties
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Parametrising diguark properties

® Dressed-quark ... fixed by DSE and Meson Studies
. Burden, Roberts, Thomson, Phys. Lett. B371, 163 (1996)
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Parametrising diguark properties

Bethe-Salpeter-Like Amplitudes

1 .
FO+(k;K) = T H® Ciys ity F(k*/ wg+ ),
iplt 1 a i
t'T), (ki K) = G H%iy,Ct" F(k*) wi )
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Parametrising diguark properties

Bethe-Salpeter-Like Amplitudes

I 1 .
FO+(k;K) = T H® Cirys ity F(k*/ wg+ ),
iplt 1 a i
t'T, (ki K) = G H%iy,Ct" F(k*) wi )

PP==" Office of
~ 4 Science

U.5. DEPARTMENT OF

e, ® COlOUr Matrices:
{HY =\, H? = —id\>, H? = iM%}, €crenes = (H) i
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Parametrising diguark properties

Bethe-Salpeter-Like Amplitudes

| o
I (ks K) = A0+ H" Cirys 1o f(kQ/@)7
PP==" Office of

iplt 1 a i
t F}L (k; K) = T H%iv,Ct f(k2/®)
M,-_-J Science

..., ® TWO parameters: ,
~ Inverse of diquarks’ configuration-space size
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Parametrising diguark properties

Pseudoparticle Propagators

+ 1
AV (K) = - F(K?Jwiy),
0+
I K, K, 1
Allw(K) - (6MV+ Mz ) 2 F(K? [wit)
PP—==" Office of ml"’ m1+
w=~d Science
1 —exp(—=x
o F(x) = p(—x)
T

» Absence of a Spectral Representation
» Realisation of Confinement
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Parametrising diguark properties

Pseudoparticle Propagators

AY(K) = F(K?)W2,),
+ K, K,
AK) = (0w 55 ) (o )P
PP—==" Office of 1+

~ 4 Science
wE PARTME N ¥

e Two parameters: ,
~ Inverse of diguarks’ configuration-space correlation length

vy
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Parametrising diguark properties

e Total of four parameters
. reduce that via Normalisation Condition

—1
d 1 2 2 2 1 2
ai? \mz, T /wr) =1 = W =gmyes
K2=0

Accentuates free-particle-like propagation characteristics of the
Sciencadiquarks within hadron.
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Parametrising diguark properties

e Total of four parameters
. reduce that via Normalisation Condition

—1
d 1 2 2 2 1 2
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Results: Nucleon
and A Masses
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Mass-scale pare neters (in GeV) for the scalar and axial-vector
diguark co’re]ations, fixed by fitting nucleon and A masses
Set A —fit to the actual masses was required; whereas for
Set B — fitted mass was offset to allow for “w-cloud” contributions

PP==" Office of
~ 4 Science
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B 1.18 1.33| 0.79 0.89| 0.56=1/(0.35fm) 0.63=1/(0.31 m)

® my+ — oo Mi =1.15GeV; ME = 1.46 GeV
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M. Oettel, M. Pichowsky
and L.von Smekal, nu-th/9909082

6 terms . .. Nucleon-Photon Vertex

for on-shell nucleons described by Faddeev Amplitude
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® Provide Understanding of
Dynamical Chiral Symmetry Breaking:

= 7 IS quark-antiguark Bound State
AND QCD’s Goldstone Mode
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® Provide Understanding of
Dynamical Chiral Symmetry Breaking:

= 7 IS quark-antiguark Bound State

AND QCD’s Goldstone Mode
» Foundation for Proof of
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e.g., Quark Goldberger-Treiman
Properties of Pseudoscalar Mesons
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Faddeev Equation

» Nonpointlike scalar and axial-vector diquark correlations

» s—, p—, d—wave quark angular momentum
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® Poincaré Covariaftiuts, -~
Faddeev Equation

» Nonpointlike scalar and axial-vector diquark correlations

» s—, p—, d—wave quark angular momentum

® Quark core, relaxed to allow for pion cloud
» Predicts zero in GL(Q?) at Q% =~ 6.5GeV?
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Bethe-Salpeter equation
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Colour-singlet
Bethe-Salpeter equation
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o Coupling-modified dressed-ladder vertex
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Colour-singlet

Detmold et al., nu-th/0202082 Bethe-Salpeter equation

Bhagwat, et al., nu-th/0403012
o Coupling-modified dressed-ladder vertex
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e BSE consistent with vertex
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Colour-singlet

Detmold et al., nu-th/0202082 Bethe-salpeter equathn

Bhagwat, et al., nu-th/0403012
o Coupling-modified dressed-ladder vertex

(k. p) >m+ E>wm+é§§>«m+
C C*

e BSE consistent with vertex

8C

-
o Kernel necessarily non-planar,

even with planar vertex
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mesons

M7=l M7=2
7w, m =0 ~0 0 0 0
m, m = 0.011 /0.147 0.135 0.139 0.138
p,m =0 ~0.920 0.648 0.782 0.754
p, m = 0.011 0.936 0.667 0.798 0.770

e 7w massless in chiral limit ... NO Fine Tuning
Z@%ff::ceof o ] ] . .
—-c e ALL 7r-p mass splitting present in chiral limit

) and with the Simplest kernel
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e 7w massless in chiral limit ... NO Fine Tuning
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e 7v-p Mass splitting driven by DySB mechanism
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e 7w massless in chiral limit ... NO Fine Tuning
e 7v-p mass splitting driven by DySB mechanism
Not constituent-quark-model-like hyperfine splitting
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e 7w massless in chiral limit ... NO Fine Tuning
e 7v-p mass splitting driven by DySB mechanism
Not constituent-quark-model-like hyperfine splitting

e Extending kernel: NO effect on m
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m, m = 0.011 0.147 0.135 0.139 0.138
p,m =10 0.920 0.648 0.782 0.754
p, m = 0.011 0.936 0.667 0.798 0.770

Not constituent-quark-model-like hyperfine splitting
e Extending kernel: NO effect on m
For m, — zeroth order, accurate to 20%
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e r massless in chiral limit . ..
Z@Ofﬁceof

NO Fine Tuning

-2 e qr-p Mass splitting driven by DySB mechanism

RG
uclear pp,
SIQS‘

S — one loop, accurate to 13%
R — two loop, accurate to 4%
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p,m =10 0.920 0.648 0.782 0.754
p, m = 0.011 0.936 0.667 0.798 0.770

Not constituent-quark-model-like hyperfine splitting
e Extending kernel: NO effect on m
For m, — zeroth order, accurate to 20%
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Calculated Transition Form Factor:
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Calculated Transition Form Factor:
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» Expected cf. T' # 0, Goldstone mode’s properties do not
change until very near chiral symmetry restoration
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® Same is true of orbital excitations; e.g., axial-vector mesons.
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Same is true of orbital excitations; e.g., axial-vector mesons.
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- - - - Light-Cone QCD and Nonperturbative Hadron Physics, 15-19/05/06 — p. 44/49



Deep-inelastic scattering

SCATTERED
THRGET Lows EnEREY
froTes FLECTRus

,Tiﬁﬁr;fxmw e, (< v .
ELECTRON ~. Jii.-arfabﬂoﬂf _
: # Looking for Quarks

| 7 Office of
~ 4 Science

Signature Experiment | for QCD:
Discovery of Quarks at SLAC

o Cross-section: Interpreted as Measurement of
Momentum-Fraction Prob. Distribution: ¢(z), g(z)
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Pion’s valence quark distn

® 7 is Two-Body System: “Easiest” Bound State in QCD
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Pion’s valence quark distn

® 7 is Two-Body System: “Easiest” Bound State in QCD
» However,

» Proved on
22/July/2002, ANL
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Pion’s valence quark distn

® 7 is Two-Body System: “Easiest” Bound State in QCD
» However,

® Existing Measurement Inferred from Drell-Yan:
N — utpu~ X
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Pion’s valence quark distn

7 1S Two-Body System: “Easiest” Bound State in QCD

» However,

® Existing Measurement Inferred from Drell-Yan:
N — utpu~ X
® Proposal (Holt & Reiner, ANL, nu-ex/0010004)
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Pion’s valence quark distn

® Proposal at JLab
(Holt, Reiner, Wjesooriya, et al.,
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Handbag diagrams

Bjorken Limit: ¢> — 0o, P-q— —0o0

q2

2P - ¢q

but © ;= — fixed.

Numerous algebraic simplifications
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Extant theory vs. experiment
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Form Factor Ratio: Q *xF2/F1

# Perhaps =~ constant for 2 < Q? < 6GeV?
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Formln Factor Ratio: alternative
F2/F1
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Formln Factor Ratio: alternative
F2/F1
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Formln Factor Ratio: alternative
F2/F1
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